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Comparative Genomics of Exiguobacterium Reveals What Makes

a Cosmopolitan Bacterium

Dechao Zhang,>?< Zhaolu Zhu,?* Yangjie Li,*¢ Xudong Li,*¢ Ziyu Guan,

alnstitute of Oceanology, Chinese Academy of Sciences, Qingdao, China
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dState Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan, China

Jinshui Zheng®*

eHubei Key Laboratory of Agricultural Bioinformatics, College of Informatics, Huazhong Agricultural University, Wuhan, China

ABSTRACT Although the strategies used by bacteria to adapt to specific environ-
mental conditions are widely reported, fewer studies have addressed how microbes
with a cosmopolitan distribution can survive in diverse ecosystems. Exiguobacterium
is a versatile genus whose members are commonly found in various habitats. To better
understand the mechanisms underlying the universality of Exiguobacterium, we col-
lected 105 strains from diverse environments and performed large-scale metabolic and
adaptive ability tests. We found that most Exiguobacterium members have the capacity
to survive under wide ranges of temperature, salinity, and pH. According to phyloge-
netic and average nucleotide identity analyses, we identified 27 putative species and
classified two genetic groups: groups | and Il. Comparative genomic analysis revealed
that the Exiguobacterium members utilize a variety of complex polysaccharides and pro-
teins to support survival in diverse environments and also employ a number of chaper-
onins and transporters for this purpose. We observed that the group | species can be
found in more diverse terrestrial environments and have a larger genome size than the
group Il species. Our analyses revealed that the expansion of transporter families drove
genomic expansion in group | strains, and we identified 25 transporter families, many
of which are involved in the transport of important substrates and resistance to envi-
ronmental stresses and are enriched in group | strains. This study provides important
insights into both the overall general genetic basis for the cosmopolitan distribution of
a bacterial genus and the evolutionary and adaptive strategies of Exiguobacterium.

IMPORTANCE The wide distribution characteristics of Exiguobacterium make it a valua-
ble model for studying the adaptive strategies of bacteria that can survive in multi-
ple habitats. In this study, we reveal that members of the Exiguobacterium genus
have a cosmopolitan distribution and share an extensive adaptability that enables
them to survive in various environments. The capacities shared by Exiguobacterium
members, such as their diverse means of polysaccharide utilization and environmen-
tal-stress resistance, provide an important basis for their cosmopolitan distribution.
Furthermore, the selective expansion of transporter families has been a main driving
force for genomic evolution in Exiguobacterium. Our findings improve our under-
standing of the adaptive and evolutionary mechanisms of cosmopolitan bacteria and
the vital genomic traits that can facilitate niche adaptation.

KEYWORDS Exiguobacterium, cosmopolitan distribution, genomics, adaptation
strategies, polysaccharide utilization, transporters

cross the landscape, microbial communities are nonrandomly dispersed in terms
of their composition and diversity (1). Physical and chemical factors in the environ-
ment significantly influence the distribution patterns of microbes (2). For example,
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species richness of deep-sea benthic ciliates
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HIGHLIGHTS

Benthic ciliate distribution across the
deep-sea plain, seamount, and trench
was investigated.

Ciliate communities showed low con-
nectivity along the bathymetric gradi-
ents.

Most community dissimilarities were
attributed to species replacement,
caused by environmental sorting or his-
torical constraints.

Bathymetric gradient contributed more
to community variations than geo-
graphic distance.

ARTICLE INFO

Atrticle history:

Received 14 July 2020

Received in revised form 15 September 2020
Accepted 18 September 2020

Available online 30 September 2020

Editor: Henner Hollert

Keywords:

Protist

Source-sink dynamic
Abyssal plain
Benthic community
Seamount

Trench

GRAPHICAL ABSTRACT

distinct

- - - Environmental sorting &
‘Wator depth axceeding 800 m hss Tow connectivity
itz affact on the spacies richnsss

=t
o
L]
k=
1
z

Mo significant correlation

Tronch

ABSTRACT

The bathymetric gradient is one of the most important factors that regulate the distribution of life. However, com-
munity variations of benthic ciliates along bathymetric gradients in the deep sea remain rather unexplored. In this
study, we hypothesize that in the deep sea, the bathymetric gradient shapes the benthic ciliate community compo-
sition rather than the species richness. Here, we evaluated the distribution patterns and drivers of benthic ciliate
communities of an abyssal plain, a seamount, and a trench with water depths ranging from 800 m down to
6600 m by high throughput eDNA sequencing and statistical analyses. We observed no significant correlation be-
tween ciliate operated taxonomic unit (OTU) richness and water depth. A meta-analysis, which combined our pre-
viously published data from the neritic habitats, supports the notion that water depth exceeding 800 m has little
effect on the richness of benthic ciliate species. In contrast, the composition of deep-sea ciliate communities was sig-
nificantly distinct in different habitats along the bathymetric gradients. A SourceTracker analysis revealed extremely
low connectivity among ciliate communities along the bathymetric gradients. More than 95% of the community dis-
similarity in the deep-sea floor was attributed to species replacement, which might be caused by environmental
sorting or historical constraints. Furthermore, the observed community variations could be ascribed more to
water depth than to geographic distance. The findings imply that the strong force of environmental sorting along
the bathymetric gradients and the low connectivity among the ciliate communities might lead to an isolated evolu-
tion. This could shape the community composition rather than the species richness, which is mainly determined by
the limited nutrient availability and the extreme environmental conditions in the deep sea.

© 2020 Elsevier B.V. All rights reserved.
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habitats from intertidal zone to deep-sea floor in the Western Pacific Ocean
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Keywords:
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Habitat differentiation is the essential force for shaping animal and plant biogeography. Distribution patterns of
microeukaryotes, which are an assemblage of highly diverse and phylogenetically distant groups, across multiple
marine habitats remain largely unknown. We hypothesize that microeukaryote communities vary across different
types of marine habitats at the regional scale similar as macroorganisms, and they are shaped by multiple factors.
Herein, we evaluated the microeukaryotic diversity and connectivity in sediments from intertidal flat through
continental shelf to deep-sea floor, including habitats of deep-sea plain, seamount, and hydrothermal vent, using
high-throughput DNA sequencing. Microeukaryote communities were clustered into their own sub-groups ac-
cording to the types of the habitats, where the communities of abundant taxa tended to gather with nearby
habitats, while the rare taxa were mainly shaped by the types of the habitats. The SourceTracker analysis showed
that the most probable sources for each community composition, particularly for those from seamounts and
hydrothermal vent, were identified unknown. The continental shelf and deep-sea plain showed a relatively larger
fraction of sources from each other, indicating a stronger source-sink dynamic than that among other habitats.
The habitat differentiation contributed more to community variations than the spatial variables and water depth
did. Co-occurrence network analysis indicated more complex bio-interactions in the neritic zone, where Cercozoa
might play fundamental roles in the stability of the community than those in the deep sea, where ciliates were
more connected with other taxa. Altogether, our findings highlight that the microeukaryotic communities are
clearly shaped by the habitat differentiation, and this study also identifies the most probable source of dispersal
for each community of different habitats.

1. Introduction distinguishable morphological features (Lohan et al., 2017). The esti-

mation of the diversity and distribution of microeukaryotes, particularly

The knowledge of microbial biogeography directly influences our
understanding on the global biodiversity and the underlying processes
that shape their distribution (Bik et al., 2012). Revealing the patterns of
microbial distribution along the space and environmental gradients is
the major challenge in microbial ecology.

Microeukaryotes (= microbial eukaryotes) play a variety of critical
roles in natural environments from primary producers, consumers, de-
composers to parasites (Sherr et al., 2002; Caron et al., 2012; Edgcomb,
2016). Although they often comprise large standing stocks of biomass, it
is difficult to observe them due to their small size and general absence of

ciliates, has long been an ongoing debate and attracted considerable
interests (Azovsky et al., 2020). Because of their high abundance, mi-
crobes are thought to be widespread or even cosmopolitan, and thus
their diversity might be limited (Finlay, 2002). This hypothesis is sup-
ported by several studies based on morphological methods. For instance,
no clear geographic clustering was found in marine benthic ciliates and
flagellates, who are the major groups of microeukaryotes, based on the
estimation of global diversity (Azovsky and Mazei, 2013; Azovsky et al.,
2016). In contrast, Foissner (2008) proposed that the vast majority
(>90%) of microeukaryotes are moderately or barely abundant, and

* Corresponding author. Institute of Oceanology, Chinese Academy of Sciences, 266071, Qingdao, China.
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ABSTRACT

Microeukaryotes are mainly composed of highly diverse and abundant protists, whose diversity and distribution
in deep oceans have not been well studied. We investigated the vertical profiles of microeukaryotes throughout
the water column down to abyssal sediments and their horizontal distribution over a distance of 1,300 km in the
Western Pacific Ocean, using high throughput DNA sequencing. A distinct vertical distribution was detected for
microeukaryote communities, which could be clustered into euphotic, aphotic and sediment groups. Nearly half
of the operational taxonomic units detected in the sediment samples were also found in overlying water, indi-
cating a frequent species exchange between seawater habitats and abyssal sediment habitats, which was similar
to that observed for prokaryote communities. On the horizontal scaling side, a significant distance-decay rela-
tionship was found in the microeukaryote community. Furthermore, the major microeukaryotic groups revealed
different distance-decay patterns which appeared to be significant for Dinoflagellata and Radiolaria, but insig-
nificant for Ciliophora. Environmental selection contributed more to the variations in microeukaryote and
Dinoflagellata communities than neutral processes, whereas neutral processes explained more variations in
Radiolaria community. Generally, community variations explained by both processes were less than 30%, which
was lower than that in coastal zones. These results imply that the complex distribution pattern within micro-
eukaryote communities and more drivers, such as currents, water mass and biotic interactions, might contribute
in shaping the distribution of microeukaryotes in the open ocean.

1. Introduction

investigated the diversity and distribution of microeukaryotes in various
marine habitats (de Vargas et al., 2015; Gimmler et al., 2016; Rocke

Microeukaryotes (microbial eukaryotes) include the commonly-
known algae, protozoa and lower fungi, and they are phylogenetically
distant and highly diverse both in form and function. Because of their
high diversity, their wide distribution and broad range of body sizes,
protists, particularly ciliates, have triggered a debate regarding the di-
versity and distribution of microeukaryotes (Finlay, 2002; Foissner,
2008; Caron et al., 2012; Lentendu et al., 2018). This debate was mainly
based on observations of freshwater and soil forms, as marine micro-
eukaryotes have long been considered cosmopolitans (Hanson et al.,
2012; Villarino, 2018). Recently, a growing number of studies has

etal., 2016; Filker et al., 2019). These studies revealed that communities
of marine microeukaryotes generally exhibit a restricted distribution
and a distance decay of community similarity, and they are strongly
governed by environmental selection as well as neutral processes (dis-
persal-related), with varying relative importance in the coastal zone (e.
g. Grattepanche et al., 2016; Wu et al., 2018; Zhang et al., 2018).
Among marine habitats, the deep ocean, though as the largest
ecosystem, remains the least explored and understood (Ramirez-Llodra
et al., 2010). Difficulties in the morphological identification of species
and technical impediments have hampered the sampling, identification
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Microeukaryotes have been recognized as highly abundant and diverse both in form and function, however, data
on their diversity and distribution along marine currents remain scarce. Herein, the distribution of micro-
eukaryotes in surface seawaters was analyzed along a 9000 km stretch of the North Equatorial Current (NEC) and
its bifurcation using high throughput DNA sequencing. Significant distance-decay patterns were detected, and
the microeukaryote communities were further divided into Central Pacific Ocean (CPO), Western Pacific Ocean
(WPO), and South China Sea (SCS) groups. Statistical analyses suggested that the microeukaryotic assembly in

the WPO is maintained by the CPO community transported via the NEC. Environmental selection contributed
more to community variations than spatial processes did. Temperature and salinity were the two most important
environmental factors to shape the examined communities. Altogether, characterizing the microeukaryotic di-
versity and distribution along the NEC provided an insight into the drivers of their distribution in open oceans.

Microeukaryotes, a highly abundant group of microorganisms, play
various roles in natural environments, such as primary producers,
predators, decomposers, and parasites (Sherr and Sherr, 2002; Caron
etal., 2012; Edgcomb, 2016). They often comprise large standing stocks
of biomass, yet their small size and indistinguishable general morpho-
logical features make them difficult to identify (Lohan et al., 2017).
Subjects including the estimation of microeukaryote diversity and dis-
tribution have long attracted considerable interest and sparked ongoing
debates (Finlay, 2002; Foissner et al., 2008; Caron et al., 2012; Lentendu
et al., 2018; Moss et al., 2020).

Due to their small body size, high abundance and dormant life forms,
microeukaryotes may have dispersal rates that surpass diversification,
and thus have long been considered widespread or even cosmopolitan
(Finlay, 2002; Hanson et al., 2012). Accordingly, microorganisms—such
as microeukaryotes—should neither exhibit patterns of biogeography,
nor display an increase in species richness from polar to equatorial re-
gions, which is typical for some plants and animals (Moss et al., 2020).

This theory is supported by studies on the global distribution of ciliates
and flagellates based on morphological methods, which did not find
clearly geographic clusters (Azovsky and Mazei, 2013; Azovsky et al.,
2016). Furthermore, environmental factors related to latitude were
suggested by Moss et al. (2020), which were thought to influence
various macrofauna; such factors, however, may not define microbial
diversity patterns of richness in the global ocean.

In contrast, recent molecular analytic methods have revealed an
extremely high diversity of microorganisms, the rare taxa in particular
(Pawlowski et al., 2011; Gimmler et al., 2016; Pernice et al., 2016; Filker
et al.,, 2019; Wang et al., 2020). Distinct microeukaryotic distribution
patterns were revealed in various marine habitats, i.e., subtropical
harbors (Rocke et al., 2016), estuaries and coastlines (Filker et al.,
2019), and deep-sea sediments (Pawlowski et al., 2011). These studies
established that marine microeukaryote communities in isolated habi-
tats and sediments commonly exhibit a distance-decay effect, and are
strongly governed by environmental selection and neutral processes (e.
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